Background: Colorectal cancer is one of the most common cancers and the third leading cause of cancer death in both sexes. The disease progresses as a multistep process and is associated with genetic alterations. One of the characteristic features of cancer is telomerase activation. We sought to evaluate the differences in telomerase activity between colon cancer and adjacent normal tissue and to correlate the differences in telomerase activity between different locations with clinicopathological factors and survival.
C
ancers of the colon and rectum have been classically viewed as the same disease entity, namely colorectal cancer (CRC), one of the most common cancers in humans and the third leading cause of cancer death. However, more than 2 decades ago, Bufill 1 proposed the existence of 2 distinct categories of CRC according to the location of the tumour in the proximal or distal segments of the colon. Comparison of the risk factors of proximal and distal CRC revealed that type 2 diabetes was associated with distal CRC in men while cholelithiasis was associated with proximal colon cancer in women. 2 Patients with tumours located within the proximal colon have twice the risk for metachron ous CRC than patients with distal initial disease, 3 and a higher incidence of advanced disease has been reported. 4 Moreover, several pathological molecular differences between proximal and distal disease have been demonstrated. The mucinous histotype was more frequent in the proximal than in the distal CRCs. 5 Two forms of genetic instability have been described in patients with CRC: chromosomal instability (CIN) and microsatellite instability (MSI). However, CIN has been more commonly described in the distal colon than MSI, which is more common with proximal sporadic colon cancers. 5, 6 Mutations in p53 are more frequently associated with distal cancers, whereas Kiras mutations are more frequent in proximal tumours. 7 These different characteristics may indicate diverse genetic pathways of carcinogenesis and support the hypothesis of distinct mechanisms of neoplastic transformation in the proximal and distal colon, with potential implications in the therapeutic approach. As a consequence, it has been suggested that CRC should be divided into proximal colon cancer, distal colon cancer and rectal cancer. 8 Malignant transformation during colon cancer development arises as a result of the accumulation of genetic alterations and epigenetic alterations in a multistep process, including the activation of oncogenes, the inactivation of tumour suppressor genes and uncontrolled mitogenic stimu lation that transforms colonic epithelial cells to colon adenocarcinoma cells. 9 Throughout this mutation process, telomerase activation plays a catalytic role in the tumour progression cascade. Human telomeres function as a protective structure capping both ends of the chromosome and act as an intrinsic "counting" mechanism of the aging cellular process. Thus, telomeres limit the capacity of a cell to replicate by inducing senescence as a sort of tumoursuppressing mechanism. 10 Telomerase is an enzymatic ribonucleoprotein complex that acts as a reverse transcriptase and is the main positive regulator of telomere length. Telomerase activity is the most general molecular marker for the identification of human cancer and can be detected in 85%-90% of all tumours. 11 Although telomerase activity has been detected in almost 95% of patients with CRC, many discrepancies exist, and telomerase activity between the different anatomic locations of CRC has not been studied adequately.
The aim of this study, therefore, was to evaluate the telomerase activity in colon and rectal cancer tissues and their corresponding adjacent normal mucosal tissues from patients with colorectal adenocarcinoma. We compared telomerase activity in tumours located in different colon locations and analyzed the association between telomerase activity and patient clinicopathological features and survival. We also studied MLH1 as an indicator of MSI, while p53 and other molecular markers were also studied and correlated with telomerase activity.
METHODS

Patients
Between July 2002 and October 2004, we prospectively recruited patients with biopsy-confirmed CRC for participation in this study. The study was approved by our local ethics committee, and we obtained written informed consent from all participants.
At the time of surgery, once the tumour was resected, 4 cancer tissue samples and 4 apparently normal mucosal samples about 10 cm distal to the resection margin were sampled and snap frozen in liquid nitrogen within 10 minutes of resection and then stored at -80°C until studied. The rest of the specimen was sent for standard pathological evaluation. Further analysis on tumour prognostic index markers was completed, and we studied the expression of Ki-67, p21, bcl2 and p53 for all patients.
Patients were followed until April 2011. All patients were referred to the oncology department for standard treatment and follow-up, and no patient received neoadjuvant therapy. We assessed 1-, 3-and 5-year survival and overall survival.
Telomerase activity
We determined telomerase activity using a real-time polymerase chain reaction (rtPCR) assay (Quantitative Telomerase Detection [QTD] kit, US Biomax) according to the manufacturer's instructions. Tissue samples (20 ± 2 mg) were washed with phosphate buffered saline and homogenized with a glass homogenizer in 1 × lysis buffer. After 30 min utes of incubation on ice, the lysates were centrifuged at 12 000g for 30 minutes at 4°C, and the supernatant was rapidly frozen and stored at -80°C. We used part of this extract to determine the total protein concentration with the Bradford protein assay (Bio-Rad Laboratories) and bovine serum albumin as a standard. The rest of this extract was diluted with lysis buffer to a concentration of 1 µg/µL. We used the diluted sample as a template for the rtPCR assay. Measuring the increase in fluorescence caused by the binding of SYBR Green I dye to doublestranded DNA monitored direct detection of the PCR product. The rtPCR master mix comprised 12.5 µL of the QTD premix containing telomere primers, 1 µL of tissue extract, template controls or heat-inactivated extracts and 11.5 µL of water, for a final volume of 25 µL. After a 20-minute incubation at 25°C, telomere templates were formed by adding 6 base repeats to the primer with the activity of telomerase. The reaction mixture was heated at 90°C for 10 minutes to activate the HotStart DNA polymerase and then subjected to 40 PCR cycles at 95°C for 30 seconds, 60°C for 30 seconds and 72°C for 30 seconds. In order to verify specificity and identity of the PCR products, the reaction ended using a melt curve analysis in which the temperature was increased from 55°C to 95°C at a linear rate of 0.2°C/second. Data collection was performed both during annealing and extension, with 2 meas urements at each step, and at all times during melt curve an alysis. We conducted all PCR experiments on the Mx3000P rtPCR thermal cycler using the software version 2.00 (Stratagene). For estimation of telomerase activity, we used a positive control (TSR template control) to generate a standard curve, consisting of 8 serial dilutions ranging from 0.5 µg/µL (300 000 molecules/reaction) to 6.4 × 10 −6 µg/µL. The analysis of each sample consisted of 2 assays: one with a sample extract and one with a heat-treated sample extract, which served as a negative control since telomerase is a heat-sensitive enzyme. Control samples were incubated at 85°C for 10 minutes before the telomerase activity assay. To control for mosaicism, all 4 samples were analyzed in 5 patients at the initial phase of the study. Since no significant difference was found among the samples in telomerase activity we continued with the analysis of a single sample (cancer and normal tissue) per patient.
Pathology
For every patient, we selected 1 paraffin block with tumour tissue for the immunohistochemical detection of MLH1, Ki-67, bcl2, p53 and p21 protein expression. We used 4 µm sections from paraffin-embedded tissue blocks of primary tumour specimens. We then performed immunoperoxidase staining in 3 steps using a Dako kit. First, the specimens were dewaxed in xylene and rehydrated with graded alcohols. Endogenous peroxidase was blocked with H 2 O 2 0.3% in Tris buffer (pH 7.60) for 15 minutes. Before application of the primary antibody, sections were immersed in 10 mM citrate buffer, rinsed in Tris-buffered saline (TBS) and heated in a microwave oven (650-800 W) for 30 minutes. In order to reduce nonspecific binding of antisera, sections were washed with TBS before application of the primary antibodies: antihuman MutL protein homologue-1, clone E 505 (ready for use, Dako), anti-Ki-67 (MIB-1Ab, dilution 1:80 Dako), anti-p53 (DO-7, dilution 1:100 Biogenex), anti p21 (dilution 1:40 Dako) and anti-bcl2 (dilution 1:10, Biogenex). We used diaminobenzidine as a chromogen followed by slight hematoxylin counterstaining. Tumours with known Ki-67, p53 and p21 status were used as positive controls, whereas a normal lymph node served the same purpose for bcl2. Preimmune rabbit serum was used as a negative control to test for nonspecific staining.
Two pathologists, blinded to clinical information, independently evaluated immunoreactivity by assessing the percentage of positively immunostained tumour cells. Discrepancies were resolved by consensus. Specifically, MLH1 expression was scored as positive if 10% of cells were found positive. Ki-67 expression was scored as low if less than 20% of cells were found positive, moderate if 20%-50% were positive and high if more than 50% were positive. We classified p53 and p21 expression as negative if less than 5% of cells were positive, low if 5%-30% were positive, moderate if 31%-60% were positive and high if more than 60% were positive. Immunoreactivity for bcl2 was evaluated according to the percentage of tumour cells with positive cytoplasmic staining. We used a cut-off below 5% of positive tumour cells to define negative cases. Strong positive staining was seen in infiltrating lymphocytes within the tumour stroma.
The selection of the cutoff values for each particular marker was based on corresponding categorization from other studies. The chosen thresholds were previously found as best showing prognostic clinicopathological and molecular correlations of the examined markers.
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Statistical analysis
Statistical analysis was performed with the IBM SPSS statistics software version 19. Results are expressed as means ± standard errors of the mean. Paired and unpaired t tests or 1-way analysis of variance with Bonferroni post hoc analysis were used where applicable. We performed the χ 2 test for the analysis of nonparametric data in 2 × 2 tables. Kaplan-Meyer plots were generated based on overall patient survival. We used Pearson and Spearman correlation as applicable for analysis of correlations.
RESULTS
Patients
We included 49 patients (21 women) with a median age of 74 (range 49-87) years with biopsy-confirmed CRC in our study. The demographic, clinical and pathological characteristics of participants are presented in Table 1 . Twelve patients were lost during follow-up. For the remaining 37 pa tients, 1-, 3-and 5-year survival and overall survival were reviewed.
Telomerase activity in tumours compared with normal adjacent tissue
We identified telomerase activity in all tumour samples and in all their adjacent normal mucosa samples. The mean value of telomerase activity copies was significantly higher in CRC samples than the corresponding adjacent normal tissue (1.14 × 10 −2 /µg of protein v. 0.64 × 10 −2 , p = 0.006; Fig. 1 ). A total of 83% of the colorectal tumour samples were found to express higher telomerase activity, while only 17% expressed less telomerase activity than matched adjacent mucosa. Interestingly, only 57% of the patients whose tumour samples expressed less telomerase activity than the adjacent mucosa experienced loss of MLH1 expression, whereas 35% of patients whose tumour samples expressed higher telomerase activity had MLH1 loss; however, the numbers were too small to reach statistical significance.
Telomerase activity and clinicopathological features
When we analyzed the associations between clinicopathological factors and expression level of telomerase activity, we found no significant difference in relation to sex, age, smoking history, body mass index and histology grade (Table 2) . Interestingly, normal adjacent tissue of Dukes stage A/B tumours had significantly higher telomerase activity than normal adjacent tissue of stage C/D tumours (p = 0.005). A similar result was obtained when tumours were analyzed based on the tumour-node-metastasis (TNM) system, with stage I/II tumours having higher telomerase activity than stage III/IV tumours (p = 0.029). Table 2 shows the correlation between telomerase activity expression level and clinicopathological parameters for the patients with CRC. When tumours were classified as right-sided (cecum, ascending colon, transverse colon) and left-sided (splenic flexure, descending colon, sigmoid, rectum), we found that right-sided cancers expressed higher telomerase activity than the left-sided cancers. When tumours were grouped by right colon (cecum, ascending colon, transverse colon), left colon (splenic flexure, descending colon, sigmoid) and rectal cancers, we observed a gradual, significant decrease in human telomerase reverse transcriptase (hTERT) activity ( Fig. 2A) , with the rectal tumours having the lowest hTERT activity that was significantly different from the proximal tumours. Finally when tumours were grouped as colon or rectal cancers, we observed a significantly higher level of telomerase activity in colon than rectal tumours (p = 0.012). The same increase was evident when normal tissue of patients with colon cancer was compared with normal tissue of those with rectal cancer (p = 0.035; Fig. 2B ).
We found that p53-negative tumours had higher telomerase activity than p53-positive tumours, but this result showed a trend toward significance (0.0173 ± 0.0058 v. 0.0093 ± 0.0022 telomerase activity copies, p = 0.06). Interestingly, p53 expression in the cancer tissue negatively correlated with the telomerase activity in the adjacent normal tissue (p = 0.003). Furthermore, colon cancers were p53-positive in 56.3% of patients, while rectal cancers were more commonly positive for p53 (88.2%, χ 2 = 5.165, p = 0.022). Typical p53 immunostaining is shown in Fig. 3 . There was no correlation between telomerase activity and tumour localization with Ki-67, bcl2 or p21 expression (Table 3) . 
Microsatellite instability
Eighteen patients experienced loss of MLH1 expression, indicative of MSI. There was no difference in the levels of telomerase activity between MLH1-positive and negative samples ( (59%; p = 0.029). There was no correlation between MLH1 expression and p53, p21 and bcl2 expression by tumour samples, whereas, surprisingly, there was a correlation between MLH1 expression and expression of high Ki-67 levels.
Correlations with patient survival
In our study group, 1-, 3-and 5-year survival was 85.7%, 65.3% and 55.1%, respectively. There was no correlation between telomerase activity and 1-, 3-or 5-year survival. There was, however, a trend toward a negative correlation between p53 expression and survival, and p53-positive patients tended to survive longer than p53-negative patients (Fig. 4) . The p53-positive patients were estimated to live an average of 5.0 (95% confidence interval [CI] 3.7-6.4) years, and p53-negative patients were estimated to live an average of 3.0 (95% CI 1.1-4.9) years; but we did not consider these results to be significant owing to the small number of patients in each group. There was no correlation between bcl2, p21, Ki-67 and MLH1 expression and patient survival.
DISCUSSION
The aim of this study was to identify the role of telomerase activity levels in the prognosis and localization of CRC and try to identify clinicopathological factors related to its levels. We have demonstrated that telomerase activity is increased in colon cancer tissue compared with adjacent normal tissue and that there are differences between right and left colon cancers. Moreover, there was an inverse association between telomerase and p53 expression. Although telomerase activity did not correlate with patient survival, p53 expression in colon cancer samples was linked to increased patient survival. Telomeres are TTAGGG tandem repeated sequences of DNA present at the end of chromosomes that are important for ensuring the complete replication of chromosomal ends and for protecting chromosomal termini from fusion and degradation. 15 After a finite number of replications, the telomere reaches a critical length, the senescence checkpoint, and either cell-proliferation arrest or cell apoptosis and death occurs (physiologic aging). However, if the cell escapes or avoids this checkpoint, CIN or end-to-end fusion of the chromosome occurs, which may contribute to cell death or carcinogenesis. 16 Telomere length is normally maintained by an enzyme called telomerase. The telomerase complex consists of hTERT, telomerase associate protein (TP1) and an RNA template for telomeric DNA synthesis (hTR). [17] [18] [19] Human telomerase reverse transcriptase is usually considered to reflect telomerase activity and telomere length. Telomere length and hTERT expression were significantly correlated in normal and cancerous colon tissue. 20, 21 However, telomerase activity does not always correlate with hTERT in colon cancer 22 possibly because of the presence of hTERT in infiltrating lymphocytes in normal mucosa. Therefore, the measurement of hTERT alone may overestimate the actual presence of telomerase within both normal and cancerous bowel epithelial cells. 23 Reports on telomerase activity and expression in noncancerous tissue seem to be controversial. A number of studies have revealed that telomerase activity is almost absent in normal somatic cells 16 and that it is highly expressed in almost all human tumours but not in adjacent normal cells. 24, 25 On the other hand, other investigators report that telomerase activity is invariably present in all normal human cells and can be considered as a marker of cellular proliferation. [26] [27] [28] Results on the human colon are also conflicting. No hTERT was found in normal mucosa in patients with colon cancer, a result opposite to ours. In accordance with our study, Nowak and colleagues 27 found telomerase activity in normal mucosa taken 5 cm from the tumour, and the levels were higher than those of mucosa taken 10 cm from the tumour. This may be because of the presence of residual cancer cells or tumouractivated normal cells closer to the tumour or to the improvement of the sensitivity of the molecular techniques used for the study of telomerase activity in recent years.
Results of reported studies on telomerase levels in cancerous tissues compared with normal tissues are also controversial. Cancer tissue has been reported to have lower telomerase than the corresponding normal colonic tissue; 20, 21 however, in a series 31 of 53 patients with colorectal carcinomas and 9 patients with adenomas, patients were reported to have higher levels of hTERT in cancerous than normal tissue. The study reported no difference between cancer and adenomas. 31 Moreover, in the largest series published so far, hTERT mRNA expression was significantly higher in cancerous tissues than adenomas or normal tissue of 140 patients. 32 Further support comes from studies in patients at high risk for CRC because of long-standing inflammatory bowel disease. Overexpression of hTERT in non affected colorectal mucosa has been reported in patients with inflammatory bowel disease. 33, 34 Especially in those with ulcerative colitis, hTERT overexpression has been associated with induction of CIN, 34 possibly an effect of oxidative damage secondary to inflammation. 35 Our results are in accordance with those of most of the aforementioned studies, as we found telomerase activity to be present in all normal colon tissue samples and in colon cancer tissue samples. Unfortunately, we did not have adenoma samples that could further enlighten the differences in telomerase activity and MLH1 expression in the various stages of CRC carcinogenesis.
Recently, Rampazzo and colleagues 10 have studied the association between telomere shortening, genetic instability and site of tumour origin in patients with CRC. 10 They found that telomeres were significantly shorter in CRCs than adjacent normal tissue and that telomere length did not differ with tumour progression or p53 status. Interestingly, the telomere length was different depending on tumour location, with rectal cancers having the longest telomeres, but telomerase expression did not differ with tumour location. Rampazzo and colleagues 10 did not study telomerase activity. Although their results may appear to conflict with ours and could, at least in part, be attributed to differences in the study population, it is possible that the efficiency of telomerase to elongate telomeres is different depending on CRC location. Further studies are needed to identify the reason for this phenomenon, as it could provide interesting new information regarding cancer biology.
An additional controversy arises when telomerase is examined in conjunction with colon cancer stage, pathology and patient survival. We found significantly lower telomerase activity in the normal tissue of patients with Dukes stage C or D than in those with stage A or B disease. This finding was replicated when patients were classified according to disease stage based on the American Joint Committee on Cancer (AJCC) TNM staging system. Although stage C and D colon cancer specimens had lower telomerase activity than stage A and B specimens and AJCC TNM stages III and IV specimens had lower telomerase activity than stage I and II specimens, the result in both cases was not statistically significant. We also found no correlation of telomerase activity with either 3-or 5-year survival. However, others have reported that telomerase activity tended to be higher in the larger, less differentiated late-stage Dukes C and D samples, 36 while Union for International Cancer Control stage I tumours showed shorter telomeres and lower telomerase activity than stage IV samples. In another series of studies, hTERT mRNA expression correlated significantly with the 20, 21, 37 Poorer prognosis in patients with high telomerase activity was also reported by others, but there was no correlation with other clinicopathological factors. 38 An explanation for these differences may be that in the human bowel, telomere length is inversely related with age until 60-70 years. Beyond this age telomere length is positively related with age, 39 and differences in age between our series and others may account for the discrepancies, although analysis based on age groups did not lead to any useful conclusions (data not shown). Alternatively, our results might imply that in early stages normal epithelium might be more susceptible to new telomerasedriven tumour formation while in late stages the extent of the systemic illness may decrease this potency or that there might be a less powerful regeneration process of the normal colonic epithelium in late stages of colon cancer.
Although several clinical and molecular data support the distinct nature of colon and rectal cancers, CRC is consider ed a relatively homogeneous disease. However, rectal cancer treatment is differentiated, since radiation therapy is indicated in locally advanced rectal tumours only. From a molecular point of view, there have been studies indicating that tumours located in the proximal colon represent a distinct entity with specific clinical and pathological characteristics. 8 Although a recent study from the Cancer Genome Atlas Network reported that colon and rectal cancer have considerably similar patterns of genomic alteration, this conclusion was reached after excluding hypermutated cancers (accounting for 16% of their specimens) that included cancers with high MSI, usually with hypermethylation and MLH1 silencing. 40 Our results, although in some disagreement with the Cancer Genome Atlas Network study, are valuable because they reflect a real life sample from a real world hospital. Furthermore, it has been reported that it is possible that both high telomerase, by conferring cellular immortality, and low telomerase, by promoting CIN, increase the risk of cancer. 41 Our results indicate that high telomerase activity in the colon is associated with the Nega t i v e 9 1 4 TNM = tumour-node-metastasis. *χ 2 test for trend p < 0.05; the group had fewer than 5 patients. †χ 2 test for trend p < 0.02; the group had fewer than 5 patients. ‡χ 2 test for trend p = 0.033; the group had fewer than 5 patients.
development of cancer, whereas lower telomerase activity in the rectum is associated with increased loss of MLH1 expression signifying increased MSI. Further molecular differences related to colon cancer localization that have been identified include overexpression of p53 protein mostly in left-sided tumours (43%-60% v. 16%-23% in right-sided tumours). 10, 42 In agreement with these findings, in our series just over half of the colon cancer samples expressed p53, while 88.2% of rectal cancer samples were p53-positive. DNA damage, oncogene activation and hypoxia triggers p53 protein accumulation and transcriptional transactivation of target genes including Bax. 43 It also transrepresses the antiapoptotic bcl2 gene. 44 Several studies have addressed the issue of telomerase/ p53 interactions, and it seems that telomerase and p53 counteract each other. Several reports have shown that telomerase activity is inhibited when p53 is overexpressed in human cancer cells. 45, 46 Moreover, the hTERT gene has been shown to be downregulated on activation of wildtype p53. 47 Inactivation of p53 in human mammary cells led to reactivation of telomerase, 48 while short dysfunctional or near-dysfunctional telomeres sensitized these cells to p53-dependent signals for growth arrest. 49 There is also evidence that the p53 family member p73 regulates hTERT, since p73 overexpression downregulates hTERT. 50 Conversely, hTERT seems to suppress p53-mediated antiapoptotic response by inducing basic fibroblast growth factor. 51 It has also been shown that constitutive hTERT expression inhibits wild-type p53-dependent apoptosis in colon carcinoma cells, and this effect is independ ent of telomerase activity since a telomerase inactive hTERT mutant was equally effective in antagonizing p53-induced apoptosis. 52 This finding is consistent with the report that hTERT can promote cell survival independently of its enzymatic activity. 53 In a study of 43 patients with CRC, alteration of p53 was found in 44.19% of patients, and mutations of p53 were positively associated with hTERT expression. 54 Moreover, telomerase suppression (hence short telomeres) and p53 absence have been reported to be associated with abnormalities in chromosomes of colon cancer cells. 55 In a recent report, patients with ulcerative colitis demonstrated low p53 expression and short telomeres in low-grade dysplasia, while p53 and telomere length were progressively increased in high-grade dysplasia, indicating an inverse association between the 2 in these preneoplastic conditions. 56 These findings are in agreement with our finding of an inverse association between p53 and hTERT in patients with colon cancer.
Finally, we found that p53 expression was associated with increased patient survival. It is unclear whether there is an association between this finding and telomerase activity, since we found no correlation of telomerase activity levels with patient survival. Further studies are needed to clarify the importance of such an interaction.
CONCLUSION
Our findings further support the concept of multiple molecular entities within the spectrum of CRC. The differences that we and others 10 have identified in telomerase activity in colon and rectal cancers may be related to the diversity of carcinogenesis and disease progression mechanisms in these distinct locations that can be attributed to their discrete embryology, anatomy, physiology and molecu lar biology. Furthermore, it would be interesting to examine whether p53 expression is in any way related to the response of patients to specific chemotherapeutic agents.
